water was performed i n a temperature range extending t o t h e supercooled s t a t e . The analysis o f the q u a s i -e l a s t i c snectrum separates two main components and gives two c h a r a c t e r i s t i c times. T h e i r temperature analysis j u s t if i e s t h e use o f t h e Jump D i f f u s i o n mode1
and suggests a mechanism f o r t h e hydrogen bond breaking. The i n e l a s t i c spectra extend u n t i l 600 meV, i .e. covering the intramolecular v i b r a t i o n r e g i o n showing, f o r t h e f i r s t time, the s t r e t c h i n g band.
As many o t h e r l i q u i d s , water molecules form between them hydrogen bonds. However, some pecul i a r i t i e s make i t s behaviour very s p e c i f i c . F i r s t l y , t h e hydrogen bond framework i s very dense. A c t u a l l y , even a t room temperature, as much as 80 % o f t h e possible bondsare formed /1/. Secondly, t h e hydrogen bonds a r e f r a g i l e , i.e., extremely temperature and pressure dependent, because o f t h e i r energy and d i r e ct i o n a l character. F i n a l l y , t h e bonds form l o c a l l y a t e t r a h e d r a l l a t t i c e , i .e., a very open s t r u c t u r e where each molecule i s surrounded by about f o u r next neighbours.
When t h e temperature i s decreased, t h e number o f bonds increases /1/, t h e angular c o r r e l a t i o n s a i s o increase / 2 / and consequently the observed anomalies i n t h e behav i o u r o f water are more pronounced. A t low temperatures, Say below room temperature and i n the su ercooled s t a t e , the s t r u c t u r a l aspects dominate and the p r o p e r t i e s o f water can l e explained from geometrical considerations / 3 / . L t follows, as a consequence, t h a t i n t h i s low temperature range, t h e nature of t h e p o t e n t i a l used, f o r instance i n numerical simulations i s n o t very c r u c i a l and d i f f e r e n t choices can g i v e good r e s u l t s , as f a r as t h e t e t r a h e d r a l s t r u c t u r e i s reproduced.
Because o f the importance o f hydrogen bonding, one can ask t h e f o l l o w i n g question : what i s t h e dyhamical behaviour o f an hydrogen bond and how i s i t r e l a t e d w i t h the t r a n s p o r t p r o p k r t i e s o f l i q u i d water ?
Clearly, t h e r e i s no simple way t o i s o l a t e t h e hydrogen bond from the molecular dynamics. A c t u a l l y , most o f the techniques are mainly s e n s i t i v e t o the molecule as a whole and t h e separation o f t h e hydrogen bond behaviour i s hazardous.
However, incoherent q u a s i -e l a s t i c and i n e l a s t i c neutron s c a t t e r i n g appears t o be
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I n a t y p i c a l neutron s c a t t e r i n g experiment, a beam of monoenergetic neutrons i s scattered by the sample. Angular and energy analysis o f t h e scattered neutrons provide i n f o r m a t i o n on both s t r u c t u r e and dynamics a t a molecular and atomic l e v e l . Incoherent neutron s c a t t e r i n g , i n p a r t i c u l a r , i s r e l a t e d w i t h the dynamic s t r u ct u r e f a c t o r , Ss(Q,E), and can be expressed i n terms o f the atomic i n d i v i d u a l movements. Because o f t h e very high incoherent cross s e c t i o n o f hydrogen atoms, the s c a t t e r i n g by Hz0 molecules can be assumed t o be o r i g i n a t e d by hydrogen atoms and the observed energy spectrum measures the proton dynamics.
The experimental determination o f t h e incoherent i n e l a s t i c spectrum i s a compromise between t h e amplitude of t h e energy t r a n s f e r range and t h e energy r e s o l u t i o n . ide present here two sets of experiments q u i t e d i f f e r e n t from t h i s p o i n t o f view.
One s e t o f experiments used t h e Intense Pulsed Neutron Source a t Argonne (U.S.A.). The i n c i d e n t neutron energy was 800 meV which allows one,t reach energy t r a n s f e r s P equal t o 600 meV a t reasonable Q values (smaller than 8 A-) .
The energy o f t h e i n c i d e n t neutrons was 800 meV.
I n Fig.1 we show t h e f u n c t i o n
(where E i s the energy t r a n s f e r and Q the wave vector) obtained a t -15"C, i .e. w i t h a supercooled sample. For t h i s purpose we used a s e t o f 150 Pirex c a p i l l a r i e s 0.8 m m i . d .
From t h e f i g u r e we i d e n t i f y c l e a r l y three main bands : the l i b r a t i o n a l band a t 96 meV, t h e i ntramol ecular v i b r a t i o n a l bendi ng band a t 207 meV and the intramolecular stretching band a t 418 meV. From the temperature analysis (between 80°C and -15OC), of these bands, we conclude that : 1 ) the librational band s h i f t s towards high frequencies when temperature decreases. 2) the bending l i n e i s almost temperature independent.
3) the stretching line s h i f t s towards low frequencies with decreasing temperature. In contrast with the equivalent peak in the Raman spectrum, i t cannot be separated in different components. Al1 these results indicate that the proton motion in water molecules i s strongly affected by the formation of hydrogen bonds. In particular i t i s the origin of the librational band which i s not present in gas phase. The temperature variation of the librational band can also be explained noting that the hydrogen bond network i s more distorted when temperature increases and will be better understood wi t h the quasi-el astic spectrunl analysis we present below.
A more detailed analysis of t h i s s e t of results will be presented elsewhere /4/ Another s e t of experiments was performed a t the I n s t i t u t Laue-Langevin (Grenoble). The incident neutron energy was 3.14 meV, in order t o obtain a resolution high enough t o study the quasi-elastic component of the incoherent spectrum, even a t low temperatures. The sample was composed of about 80 The f i t was done assuming two dynamic processus each of them described by lorentzians : 2 The f i r s t term i s the Debye-Waller factor, <u > i s the vibrational amplitude and * means convolution. The mathematical form o f t h e other terms are : I n t h i s expressions the energy t r a n s f e r i s now represented by w, j (Qa) are spheric a l Bessel functions and a = 0.98 A ( t h e O-H distance) i s a radius %f g y r a t i o n f o r the r o t a t i o n .
T(Q,w) i s a l o r e n t z i a n w i t h HWHM = T(Q) and,in a c l a s s i c a l p i c t u r e , i s associated w i t h d i f f u s i o n processes. W e analysed t h e width r ( Q ) w i t h i n t h e Jump D i f f u s i o n mode1 /5/:
where D i s the s e l f -d i f f u s i o n c o e f f i c i e n t and T, represents a residence time. Fig.3 shows the r e s u l t o f t h i s f i t a t d i f f e r e n t temperatures between 20°C and -20°C. Fig.3 -HWHM o f t h e t r a n s l a t i o n a l l o r e n t z i a n a t d i f f e r e n t temperatures. The s o l i d l i n e s reoresent the b e s t f i t . For T=20°C the s e l f -d i f f u s i o n l i n e i s shown.
The broad components R(Q,w) are normally associated w i t h r o t a t i o n a l r e l a x a t i o n . They a r e Q independent. If we d e f i n e a c h a r a c t e r i s t i c time T~ given by :
we o b t a i n an Arrhentus behaviour f o r i t s temperature dependence (Fig.4) . e r r o r temperature independent. The value of t h e vibrational ampli tude i s <u2>1I2 = 0.484 1. W e must emphasize t h a t al1 the data a r e f i t t e d with a typical e r r o r of 1 % with three f r e e parameters : <u2>, r(Q) and D r . In Fig.2 the s o l i d l i n e s represent the f i n a l f i t .
From t h i s features, i t i s possible t o j u s t i f y a mechanism f o r the proton motion. As we pointed out above, water molecules a r e instantaneously connected with most of t h e i r neighbours through hydrogen bonds. However, each hydrogen bond i s very directional and the 1 ibration amplitude i s very large. Molecular dynamics computer simulations of Impey e t al /6/ indicate t h a t , when the amplitude of l i b r a t i o n i s above 25" th bond i s broken. This estimation i s i n very good agreement with the value < u 2 > l / ? = 0.484 8. we deduced from the Debye-Waller f a c t o r .
When a bond i s broken, the molecule can form a bond with another neighbour. Then, the time TI i s a measure of t h i s c h a r a c t e r i s t i c time, and we j u s t i f y t h e use of Eq. (4) i n the f i t t i n g procedure, noting t h a t t h i s processus corresponds t o a rotational movement. Independent determi nations of t h e hydrogen bond 1 i fe-time /7/ lead t o values with the same order of magnitude (Fig.4) , but what must be emphasized i s t h a t i n both cases one finds an Arrhenius temperature dependence. This normal behaviour i s d i f f e r e n t from those of al1 other properties of water and i t i s cert a i n l y a manifestation of the hydrogen bond dynamics.
On the other hand, t h e diffusion of t h e molecule i s possible only when a s u f f i c i e n t number of bonds i s broken simultaneously. With decreasing temperature, the f r a c t i o n of mobile molecules becomes extremely small and consequently the.temperature dependence of al1 the transport properties i s strongly non-Arrhenius. A simple picture based on t h e geometrical properties of t h e hydrogen bond framework has been proposed /3/ t o r e l a t e t h e hydrogen bond l i f e t i m e and the transport properties and used with success i n the i n t e r p r e t a t i o n of t h e d i e l e c t r i c relaxation time /8/. In O u r experiments, the anomalous temperature behaviour i s followed by t h e residence time T~ ( F i g . 4 ) . I t i s worth noting moreover t h a t a c h a r a c t e r i s t i c jump length L can be defined i n the c l a s s i c a l way from Eq.15) by
The temperature dependence we obtain f o r L i s given i n . Note t h a t i t i s in average close t o 1.6 A , the distance between the two protons i n water molecule.
equal t o 1.6 1\, which suggests t h a t t h e diffusion i s made by rotational jumps.
Actually t h i s distance corresponds t o the distance between two protons, then t o two possible bonds of t h e water molecule. The small temperature dependence can be understood i f we remember t h a t a t high temperatures the hydrogen bond frarnework is more deformed and t h e distance L is reduced. Fig.4 shows plotted together d i f f e r e n t relaxation times and dynamic properties of liquid water. While transport properties and molecular relaxation times a r e not Arrhenius temperature dependent, a s h o r t e r time i s observed i n depolarized l i g h t Rayleigh s c a t t e r i n g /7/ and i n O u r experiment. The temperature dependence of t h e hydrogen bond 1 ifetirne deduced by Bert01 i n i e t al /8/ has a l s o a small temperature dependence w i t h an associated activation energy close t o t h a t of T I . The activation energy deduced from Rayleigh s c a t t e r i n g is s l i g h t l y higher perhaps because i t i s t k r e associated with the iholecular polarizabil i t y .
Ne described above a mechanism t o r e l a t e t h e two d i f f e r e n t behaviours i n temperature of the c h a r a c t e r i s t i c times .ro and T . However, O u r approach i s c e r t a i n l y too crude, i n p a r t i c u l a r , writing Eq.(2). ~c t u a i l~, t h e mode1 we propose i s not compatible with the convolution of the diffusion and rotation components which supposes t h a t the two processus a r e not coupled. A more p r e c i s e model must take i n t o account t h e coupling between v i b r a t i o n s , r o t a t i o n s and d i f f u s i o n , which i s c e r t a i n l y s t r o n g l y temperature dependent. With such a s p e c i f i c model , i t w i l l be possible t o p r e c i s e more q u a n t i t a t i v e l y t h e molecular dynamics o f water. Our a n a l y s i s represents i n t h i s sense a f i r s t order approximation.
